Abstract Sulfite oxidase (SOX) is a crucial molybdenum cofactor-containing enzyme in plants that re-oxidizes the sulfite back to sulfate in sulfite assimilation pathway. However, studies of this crucial enzyme are quite limited hence this work was attempted to understand the SOXs in four plant species namely, Arabidopsis thaliana, Solanum lycopersicum, Populus trichocarpa and Brachypodium distachyon. Herein studied SOX enzyme was characterized with both oxidoreductase molybdopterin binding and Moco oxidoreductase dimerization domains. The alignment and motif analyses revealed the highly conserved primary structure of SOXs. The phylogeny constructed with additional species demonstrated a clear divergence of monocots, dicots and lower plants. In addition, to further understand the phylogenetic relationship and make a functional inference, a structure-based phylogeny was constructed using normalized RMSD values in five superposed models from four modelled plant SOXs herein and one previously characterized chicken SOX structure. The plant and animal SOXs showed a clear divergence and also implicated their functional divergences. Based on tree topology, monocot B. distachyon appeared to be diverged from other dicots, pointing out a possible monocot-dicot split. The expression patterns of sulfite scavengers including SOX were differentially modulated under cold, heat, salt and high light stresses. Particularly, they tend to be upregulated under high light and heat while being downregulated under cold and salt stresses. The presence of cisregulatory motifs associated with different stresses in upstream regions of SOX genes was thus justified. The protein-protein interaction network of AtSOX and network enrichment with gene ontology (GO) terms showed that most predicted proteins, including sulfite reductase, ATP sulfurylases and APS reductases were among prime enzymes involved in sulfite pathway. Finally, SOX-sulfite docked structures indicated that arginine residues particularly Arg374 is crucial for SOX-sulfite binding and additional two other residues such as Arg51 and Arg103 may be important for SOX-sulfite bindings in plants.
Introduction
Sulfur (S) is an important macroelement in plants and plays very crucial roles in plant growth and productivity. Many critical oligopeptides are produced using S containing components such as glutathione (GSH), phytochelatins, prosthetic groups, vitamins and cofactors (biotin, molybdenum cofactor, thiamine, coenzyme A, and S-adenosylmethionine), secondary metabolites and lipids (Saito 2000; Leustek 2002) . Sulfur is usually available in nature as oxidized anion sulfate (SO 4 2-) which is reduced to sulfite (SO 3 2-) and incorporated into cysteine and methionine. In sulfite turnover for incorporation into metabolites and detoxification, its usage is performed by four major enzymes ( Fig. 1 ) such as chloroplast-localized sulfite reductase (SiR; EC 1.8.7.1) (Khan et al. 2010) , chloroplastlocalized UDP-sulfoquinovose synthase (SQD1; EC 3.13.1.1; Sanda et al. 2001) , thiosulfate sulfurtransferase (EC 2.8.1.1) (Papenbrock and Schmidt 2000) and sulfite oxidase (SOX; EC 1.8.3.1) (Eilers et al. 2001) . Of these, SOX is the molybdenum cofactor-containing enzyme located in the peroxisomes and catalyzes the reaction of SO 3 2-? H 2 O ? SO 4 2-? 2H ? ?2e -, which is the crucial step for degradation of cysteine, methionine and membrane components such as sulfatides (Eilers et al. 2001; Nowak et al. 2004) .
A crystallographic structure from Arabidopsis sulfite oxidase showed that enzyme includes only a single Moco domain without an additional redox center. In addition, plant SOXs were reported to be homodimeric and homologous to animal SOXs (Schrader et al. 2003) . In Arabidopsis, an in vitro study of enzymatic and non-enzymatic reaction between catalase and sulfite was reported to occur in peroxisome (Hänsch et al. 2006) . In Arabidopsis, SOX was constitutively expressed but not significantly induced by SO 2 application. However, a chloroplast-localized enzyme sulfite reductase was induced quickly by SO 2 exposure. In addition, other sulfite-requiring enzymes like mercaptopyruvate sulfur transferases and UDP-sulfoquinovose synthase 1 were induced subsequently (Brychkova et al. 2007 ). In tomato, SOX was upregulated in plant leaves and other sulfite network components were downregulated under extended dark condition (Brychkova et al. 2013) . Herein, taking into account the literature limitation about this crucial enzyme, this study has aimed to further improve our understanding of SOX orthologs in tree dicots of Arabidopsis thaliana (model for flowering plants), Solanum lycopersicum (important crop) and Populus trichocarpa (model for woods), and in one monocot species Brachypodium distachyon (model for grasses).
Materials and methods

Sequence analysis
Studied SOX sequences were retrieved from UniProtKB/ Swiss-Prot database under NCBI (ncbi.nlm.nih.gov/; Romiti 2010). Physico-chemical features of SOX proteins were analyzed using ProtParam tool (web.expasy.org/prot param/; Gasteiger et al. 2005) . Protein domain families were searched in Pfam database (pfam.xfam.org/; Sonnhammer et al. 1997) . Conserved motifs in SOX sequences were investigated by using MEME tools (meme. nbcr.net/meme/; Bailey et al. 2009 ) with parameters; maximum motif number to find, 5 and motif width, 6-50. Exon/intron organization was analyzed using GSDS server (gsds.cbi.pku.edu.cn/; Hu et al. 2015) . 1000 bp upstream regions of SOX genes from transcription start site were retrieved from phytozome and supplied to PlantCARE database for promoter analysis (bioinformatics.psb.ugent. be/webtools/plantcare/html/; Lescot et al. 2002) . Interaction partners of SOX proteins were predicted by STRING server (string-db.org/; Franceschini et al. 2013 ). Phylogenetic tree was constructed by MEGA 6 (Tamura et al. 2011 ) with parameters of maximum likelihood (ML), poisson correction, pairwise deletion and 1000 bootstraps, using herein four studied sequences along with 16 additional SOX proteins from Chlamydomonas reinhardtii, Oryza brachyantha, Citrus sinensis, Solanum pennellii, Setaria italica, Brassica napus, Cicer arietinum, Jatropha curcas, Populus euphratica, Vitis vinifera, Morus notabilis, Fig. 1 The schematic representation of sulfite pathway in plants (modified from Brychkova et al. 2013) . Sulfite is produced from sulfate by two consecutive enzymatic reactions of ATP sulfurylase and APS reductase. The produced sulfite is further reduced to cysteine by sulfite reductase and O-acetylserine (thiol) lyse respectively, to UDP-sulfoquinovose by UDP-sulfoquinovose synthase and to thiosulfate by sulfurtransferases. Sulfite is also oxidized to sulfate by a molybdenum cofactor-containing enzyme, sulfite oxidase Nicotiana tomentosiformis, N. sylvestris, Vigna angularis, Capsicum annuum and Arachis ipaensis.
Gene expression analysis
Microarray data with GSE41935 record was retrieved from NCBI's GEO datasets (ncbi.nlm.nih.gov/geo/). Ten natural Arabidopsis ecotypes such as An-1 (Antwerpern/Belgium), Cvi (Cape Verdia Islands), Col-0 (Columbia/United States), C24 (Coimbra/Portugal), Eri (Erigsboda/Sweden), Kas-1 (Kashmir/India), Kond (Kondara/Tajikistan), Kyo-2 (Kyoto/Japan), Ler (Landsberg/Poland), and Sha (Shakdara/Tajikistan) were exposed to salt (100 mM NaCl), cold (10°C), heat (38°C) and light (800 lm photons m -2 s -1 ) stresses. The expression profiles of four sulfite scavengers such as sulfite oxidase (EC 1.8.3.1; SOX), sulfite reductase (EC 1.8.7.1; SiR), UDP-sulfoquinovose synthase (EC 3.13.1.1; SQD) and thiosulfate sulfurtransferase (EC 2.8.1.1; STR) were evaluated. Data were processed using NCBI's GEO2R tool and heatmap was generated using CIMminer tool (discover.nci.nih.gov/cimminer/home.do).
Structure analysis
Secondary structure of SOX proteins was evaluated using SOPMA server (Geourjon and Deleage 1995) . 3D models were constructed employing Phyre2 server (sbg.bio.ic.ac. uk/phyre2/; Kelley and Sternber 2009) . Predicted binding sites of SOXs were evaluated by using CASTp server (sts. bioengr.uic.edu/castp/; Dundas et al. 2006) . Model validation/reliability was performed with VADAR 1.8 (vadar. wishartlab.com/; Willard et al. 2003) using Ramachandran plot. Structure-based phylogeny was constructed by FITCH program (PHYLIP package 3.6) based on Fitch and Margoliash methods using normalized RMSD (root meansquare deviation) values in superposed models (Felsenstein 2005) . RMSDs values were calculated using CLICK server based on alpha carbon superposition of models (mspc.bii.astar.edu.sg/minhn/; Nguyen et al. 2011) . Tree was visualized by FigTree v1.4.2 (tree.bio.ed.ac.uk/software/figtree/).
Molecular docking
PDB files were energy-minimized by Swiss-PDB Viewer to release the internal molecular constraints using 100 steps of Steepest Descent and Conjugate Gradients algorithms, respectively (Kaplan and Littlejohn, 2001) . Ligand sulfite was downloaded from ChEBI database (ebi.ac.uk/chebi/) in Molfile format and converted into PDB file using Open Babel toolbox (O'Boyle et al. 2011) . SOX proteins were docked with sulfite using Autodock Vina for 500 exhaustiveness. A grid box size (60 9 70 9 56 points) almost covering whole protein with 1Å search spacing was used.
Addition of polar hydrogens and merging the non-polar hydrogens were performed using AutoDockTools 1.5.6 (Morris et al. 2009 ). Other parameters were adapted as default. Binding conformations were visualized using Pymol viewer (pymol.org).
Results and discussion
Sequence analysis of SOXs
Having insights about protein conservancy, four SOX protein sequences were aligned using ClustalW. The identical and similar residues were shaded as black and grey, respectively with 100% shading threshold to reveal the full conserved residues (Fig. 2) . The alignment analysis showed that studied SOX proteins have highly conserved protein sequences. The similarity search also showed that Arabidopsis SOX has 80, 78 and 76% identities to P. trichocarpa, S. lycopersicum and B. distachyon, respectively. All SOX proteins were characterized with two domain structures such as an oxidoreductase molybdopterin binding domain (PF00174) and a Mo-co oxidoreductase dimerization domain (PF03404) ( Table 1) . They were distributed in a range of 392-397 amino acid residues with 43.21-43.93 kDa molecular weights and with slightly basic nature (7.64-8.80 pI). In addition, with exception of poplar (11 exons), all SOXs included 12 exons with various lengths at different positions, implicating those flexible splicing variants may be associated with the dynamic cellular environment of sulfite scavengers. In literature, studies of plant SOXs were rather scarce thereby a database search was conducted to have insight about the sequence features of SOX proteins from different species. The search revealed that protein features of herein studied SOXs are mainly shared by many other plants including O. brachyantha (NCBI access. XP_006659588), C. sinensis
Moreover, to further investigate the protein conservancy, the most conserved five motif sequences in four SOX proteins were identified (Suppl. Fig. 1 ). All motifs with about 50 residues were present in all SOX sequences. Motif 1 comprised of residues with LDSINIIAEECQ GFFMQKDYKMFPPTVNWDNINWSTRRPQMDFPVQS AIC, motif 2 with HVEFVSIDKCKEENGGPYKASIPLS QATNPEADVLLAYEMNGEPLNRDHG, motif 3 with PSDYSQEPPRHPSLKINAKEPFNAEPPRSALISSYVTP VDFFYKRNHGPI, motif 4 with KYNVTATLQCA GNRRTAMSKVRTVKGVGWDVSAIGNAVWGGAKLA DVLEL and motif 5 with WAWVLFEATIDIPQSTEIVA KAVDSAANVQPENVEEIWNLRGILNTSWHR. Domain analysis also revealed that motif 2 and 4 were related with oxidoreductase molybdopterin binding domain (PF00174) while motif 5 was associated with Mo-co oxidoreductase dimerization domain (PF03404). However, motifs 1 and 3 did not demonstrate any relation to the known protein families. In addition, these five motifs were evenly distributed on SOX sequences almost covering all protein.
Thus, all these indicated that SOXs of different plants could have well conserved primary structure.
Phylogenetic distribution of SOX proteins
Using a total of 20 different plant SOX proteins from four herein worked species along with 16 additional sequences, phylogenetic tree was constructed by MEGA 6 with ML Fig. 2 Multiple alignment of four SOX protein sequences from A. thaliana, S. lycopersicum, B. distachyon and P. trichocarpa. Alignment was shaded with 100% threshold to figure out the strictly conserved residues. Below yellow and blue lines show the approximate location of oxidoreductase molybdopterin binding (PF00174) and Mo-co oxidoreductase dimerization (PF03404) domains, respectively (color figure online) method for 1000 bootstraps (Fig. 3) . The tree demonstrated the three major clusters namely group A, B and C with a clear divergence of monocot, dicot and lower plant. The group A included only dicot members, group B contained solely monocots and group C had just lower plant. Based on the clustering topology, group A was further subdivided into three sub-groups such as A1, A2 and A3. In subgroup A1, Solanaceous species such as S. lycopersicum (studied herein), S. pennellii, C. annuum, N. tomentosiformis and N. sylvestris diverged from the Vitaceae family member V. vinifera and Rutaceae family member C. sinensis. In subgroup A2, two studied species of A. thaliana and P. trichocarpa were included herein. The Brassicaceae family member A. thaliana was closely clustered with the same family member B. napus and slightly diverged from M. notabilis (Moraceae family). Besides, in same subgroup, P. trichocarpa and P. euphratica from the Salicaceae family were closely clustered and slightly separated from Euphorbiaceae family member J. curcas. However, no studied species were included in subgroup A3 but A. ipaensis, C. arietinum and V. angularis from Fabaceae family grouped together herein. In group B, studied species B. distachyon from Poaceae family was distributed with the same family members of O. brachyantha and S. italica. As of group C, it only included a lower plant C. reinhardtii.
Overall phylogenetic distribution demonstrated a clear divergence between monocots, dicots and lower plants, and also a family specific clustering pattern was present in SOX sequences.
Cis-regulatory elements in SOX genes
The characterization of upstream regions of genes is essential step to have insights about the transcriptional regulation mechanisms (Suzuki et al. 2001) . In this sense, cis-regulatory element distribution was searched within a 1000 bp upstream region of four SOX genes from the transcription start site (TSS). In A. thaliana, S. lycopersicum, P. trichocarpa and B. distachyon respectively, 19, 12, 17 and 15 cis-regulatory elements were identified (Supp. Table 1 ). Of these, three types of cis-elements were common in all SOX genes such as 5 UTR Py-rich stretch, CAAT and TATA boxes. Py-rich stretch confers the high transcription levels without other cis-element requirements except for TATA-box (Fang et al. 2013) . CAAT-box is a common cis-acting element in promoters of many eukaryotic genes (Laloum et al. 2013) . TATA-box is considered as core promoter element in eukaryotic genes for binding either general TFs or histones (Bae et al. 2015) . Although many other cis-elements have been identified in promotor regions of SOX genes, some elements were uniquely present in certain species. For example, ACE and Chs-CMA2b (light responsiveness), Box-W1 (fungal elicitor responsiveness), TATCCAT/C motif (sugar repression responsiveness), TC-rich repeats (stress-inducible) and W-box (wounding and pathogen responsiveness) were only present in Arabidopsis. The unique cis-regulatory elements in poplar included the Box s (wounding and pathogen responsiveness), O 2 -site (zein metabolism regulation), Iand L-boxes and BOX I (light responsiveness), A-box (cisacting regulatory element) and ERE (ethylene-responsive element). Besides, a MBS motif (drought-inducibility) was only identified in B. distachyon. Taking into account the various sulfur metabolites are involved in plant stress tolerance, the availability of cis-regulatory motifs associated with different stresses is justifiable.
Gene expression profiles of sulfite scavengers
To have a global understanding about the involvement of sulfite pathway in plant stress tolerance, the expression profiles of four types of sulfite scavengers such as SOX (At3g01910), SiR (At5g04590), SQD (At4g33030), and
, STR16 (At5g66170) and STR18 (At5g66040) were comparatively analyzed using a microarray record GSE41935 from NCBI's GEO datasets (Fig. 4) . The array investigated 10 natural Arabidopsis ecotypes such as An-1, Cvi, Col-0, C24, Eri, Kas-1, Kond, Kyo-2, Ler and Sha under cold, heat, salt and high light stresses. To identify the differentially expressed genes, -0.5 B x C 0.5 threshold value based on the log2-fold change was adopted. For this threshold, SOX gene was significantly upregulated under heat (ecotype Col-0: 0.864 fold) and high light (Col-0: 0.637) while it was notably down-regulated under cold (Sha: -1.013, Col-0: -0.936 and Ler: -0.813) and salt (Ler: -0.542) stresses. In addition, seven ecotypes under heat, five ecotypes under high light and salt for each, and three ecotypes under cold stress showed an upregulated expression pattern at different levels. Besides, SiR gene was mostly up and downregulated under high light (Col-0: 0.672) and cold (Ler: -0.629) stresses respectively. For SQD gene, its highest and lowest expression values respectively were under high light (Col-0: 1.383) and cold (Sha: -1.364) stresses. From STR genes, STR1, STR2 and STR16 respectively showed the highest upregulation under high light (Col-0: 1.056) and heat (Col-0: 1.127 and An-1: 1.291), while they were mostly downregulated under cold stress respectively as Ler: -1.253, Col-0: -1.418 and An-1: -1.13. However, STR18 did not demonstrate any significant expression level based on the adopted threshold. Above expression patterns of genes indicated that sulfite Fig. 4 The expression profiles of seven sulfite scavengers such as sulfite oxidase (SOX), sulfite reductase (SiR), sulfurtransferases (STR1, 2, 16 and 18) and UDPsulfoquinovose synthase (SQD) in ten natural Arabidopsis ecotypes such as An-1, Cvi, Col-0, C24, Eri, Kas-1, Kond, Kyo-2, Ler and Sha. Ecotypes were exposed to four different stresses such as salt (100 mM NaCl), cold (10°C), heat (38°C) and high light (800 lm photons m -2 s -1
). Green and red colors, respectively indicate the down and upregulated genes. The similar expression profiles of conditions (up) and genes (left) were hierarchically clustered using Pearson correlation (color figure online) scavengers including SOX are differentially modulated under given abiotic stresses. Particularly, they tend to be up-regulated under high light and heat while being downregulated under cold and salt stresses.
3D modeling and structure-based phylogeny
To further investigate the biologically functional state of proteins, 3D models were constructed by Phyre2 server at intensive mode using four SOX sequences from A. thaliana, S. lycopersicum, P. trichocarpa and B. distachyon. In modelling, template 1OGP with PDB databank entry was used to maximize the alignment coverage, percentage identity and confidence for submitted sequences. The reliability of generated models was validated by VADAR employing the Ramachandran plot. The analysis showed that C98% of residues are in core and allowed regions, demonstrating the high confidence of models for further analysis. In previous studies, the structure-based phylogeny was indicated to have noteworthy importance in understanding the protein function and evolution. Because two protein sequences with low similarity may possess a common fold or topology and could perform similar functions, therefore assessing the 3D structures of proteins can give more useful information from functional aspects (Foy, 2013; Lakshmi et al. 2015; Wolf and Grünewald 2015) . Thus, to understand the phylogenetic relationship and make a functional inference in constructed models, a structure-based phylogenetic tree was constructed using normalized RMSD values in five superposed models (Fig. 5 ; Suppl. Table 2), including four modeled plant SOXs herein and one previously characterized additional SOX structure from chicken (Gallus gallus: PDB: 1SOX). The structures were superposed based on the alpha carbon superposition of models and obtained RMSD values were normalized by dividing with the aligned residue numbers. The phylogenetic tree demonstrated two main clusters as group A and B. Group A included four plant SOX proteins while group B contained the animal SOX from chicken. This split of plant and animal SOXs may also implicate their functional divergences. In addition, although all plant SOXs were closely clustered, they are calculated to be subjected to different evolutionary changes over time. Based on tree topology, monocot B. distachyon appeared to be diverged from other dicots, pointing out a possible monocot-dicot split. Besides, in dicots P. trichocarpa and S. lycopersicum showed more close relationship than A. thaliana. The earlier search of primary sequences showed that Arabidopsis SOX has 80, 78 and 76% identities to P. trichocarpa, S. lycopersicum and B. distachyon respectively, complying with the structure-based similarities. The analysis of secondary structures also further corroborated this showing that A. thaliana, S. lycopersicum, P. trichocarpa and B. distachyon respectively include 24.43, 25, 25.45 and 30.23% a-helices; 24. 43, 22.19, 21.88 and 18.39% b-strands; 11.70, 10.97, 12.21, 9.32% b-turns; and 39.44, 41.84, 40.46, and 42 .07% random coils. Despite of their similar seconder structures, B. distachyon showed some structural differences, maybe contributable to functional diversities of SOXs in monocots. However, more related clustering of poplar, tomato, Arabidopsis and Brachypodium SOXs compared to chicken could make inference to their common topologies thereby functional relationships. Overall, it was implicated that structurebased phylogenies could produce more realistic results from functional aspects especially for sequences with low similarities but similar functionalities.
Protein-protein interaction (PPI) network of AtSOX PPI network was constructed for A. thaliana SOX (AT3G01910.1) protein using Cytoscape for STRING data (Fig. 6) . The protein-protein associations were mainly predicted from the curated databases with high confidence score. Predicted 10 potential interaction partners of AtSOX included the sulfite reductase (SiR), ATP sulfurylase 1 (APS1), 3 0 -phosphoadenosine 5 0 -phosphosulfate synthase (APS3), sulfate adenylyltransferase (APS4), APS reductase 1 (APR1), 5 0 -adenylylsulfate reductase 2 (APR2), dicarboxylate carrier 3 (DIC3), dicarboxylate carrier 2 (DIC2), pseudouridine synthase/archaeosine transglycosylase-like protein (F6F9.2) and cytochrome c-2 (CYTC-2) proteins. Most proteins predicted herein were among the main enzymes involved in the sulfite pathway. For example, sulfite reductase (SiR; EC 1.8.7.1) is a prime enzyme in sulfate assimilation pathway in which catalyzes the sulfite to sulfide (Nakayama et al. 2000; Khan et al. 2010) . ATP sulfurylases (ATPS; EC 2.7.7.4) synthesize the adenosine 5 0 -phosphosulfate (APS) from sulfate and ATP (Khan et al. 2010) . APS reductases (APR; EC 1.8.4.9) catalyze the twoelectron reduction of APS to sulfite and AMP (Brychkova et al. 2012) . DICs (dicarboxylate carriers) are belonged to the mitochondrial carrier protein family and they transport the dicarboxylic acids including malate, oxaloacetate and succinate as well as phosphate, sulfate and thiosulfate at high rates (Palmieri et al. 2008 
Docking of SOXs with ligand sulfite
Finally, all studied plant SOX proteins were docked with ligand sulfite to investigate the potential binding sites and affinities in SOX-sulfite complexes ( Fig. 7; Table 2 ). In docked complexes, each of the generated nine potential conformations with lowest binding energies was comparatively investigated with the available crystal structures of plant sulfite oxidase to explore the best/native-like binding mode. Schrader et al. (2003) reported that 164-169 residues are well conserved in active sites of plant SOXs and they may function as specific electron acceptor. Particularly Arg374 was identified as a crucial substrate binding residue and two other residues such as Trp117 and Tyr241 were also reported as important in substrate binding of plant SOXs (Schrader et al. 2003) . Herein, in A. thaliana SOX-sulfite complex, the conformation with -2.9 kcal/-mol binding energy included the early reported binding residues Arg374 and Tyr241 as well as two others such as His53 and Arg51. So, this binding conformation posed to be possibly the one like native binding mode. However, in B. distachyon SOX-sulfite complex, no reported residues were identified but the conformation with -3.5 kcal/mol lowest binding energy had polar contacts with Ala133 and Val187. These variations in binding residues tempted to speculate that SOX-sulfite binding mode and interacting residues may differ based on the species-dependent way. In case of P. trichocarpa SOX-sulfite complex, the top six conformations with slightly different modes possessing -3.5 kcal/mol lowest binding energy made contacts with residues Trp117, Arg51 and Arg103. From these, Trp117 was earlier reported as important in substrate binding of plant SOXs (Schrader et al. 2003) . Besides, the availability of Arginine residues particularly Arg51, which was also identified in Arabidopsis, made an indication that this residue may also involve in SOX-sulfite binding in poplar. However, variations in binding residues compared to other complexes once more implicated that binding mode and residues could vary at species-specific way. Finally, in S. lycopersicum SOX-sulfite complex, the conformation with -3.3 kcal/mol binding energy possessed the polar contacts with residues Arg374, Arg51 and Arg103. Interestingly, all contact residues were the arginine and importantly Arg374 was earlier characterized experimentally as a crucial substrate binding residue (Schrader et al. 2003) . Besides, both Arg51 and Arg103 were also available in poplar complex while Arg51 was present in Arabidopsis. Apparently, all these indicate that arginine residues particularly Arg374 is crucial for SOX-sulfite binding and two other residues Arg51 and Arg103 were also implicated to be important for SOX-sulfite bindings in plants.
Conclusion
The studies of sulfite oxidase (SOX) which is an essential enzyme in sulfate assimilation pathway in plants were quite limited. In this sense, to fill the literature gap about this crucial enzyme, the present work aimed to improve our understanding of SOXs in four plant species such as A. thaliana, S. lycopersicum, P. trichocarpa and B. distachyon. The general protein features of studied SOXs herein were mainly shared by many other plants. However, phylogeny constructed with additional species showed a clear divergence of monocots, dicots and lower plants. The given abiotic stresses significantly regulated the sulfite scavengers including SOX and the presence of stress-related cis-regulatory motifs in upstream regions of studied SOXs was thus reasonable. The structure-based phylogenies were implicated able to produce more realistic results for protein function and evolution particularly for sequences with low similarities but similar functionalities. In addition, enriched PPI networks could provide useful information about functional aspects. Finally, docking analysis indicated that interacting residues of SOX-sulfite complexes may show variations at species-dependent way. 
